
. 

NASA 
Headquarters 
Washington 25, D.C. 

4 

1 .  

Friendship I n t '  1 Airport  
.I- Box 746, Baltimore 3, Md, 

kEROSPA(X D I V I S I O N  Telephone: 761-1000 
--' 

ATTN: Mr, Roland H. Chase, Technical Director 
Code RET 
-E: 

Subject: F I R E  Progress Letter No. 5 sf'* 

Dear Mr. Chase: w,E,N& cl9632 I 3 f  

N&P Contract,?io. IWw-703 i 
/ 't /i 

OTS PRICE 

XEROX 

HiCROFiLH 

- - - - - - - - - - - -  
This le t ter  is  a statement of progress nade during the period covering 

period pr ior  t o  beginning the experimental program pkase, Therefore it included 

both preparatory experimental work and analysis . 
Work A ccomplis he d 

During t h i s  period ZE s ta ted  i n  t h e  above para;raph, both theo re t i ca l  

and prepar; to ry  experimental work was accorylished. 

two modulation t ransfer  schemes involving the  rn2rcurjr gas c e l l  and t h e  a lka l i -ha l ide  

color center c rys ta l s ,  

E-tphasis wa: piaced on the 

A s  of t h i s  repor t  the mercury gss  c e l l  experiment is  

near ly  s e t  up; so= f i n a l  Elass-work remains t o  be coI;::)leted before the necessary 

components, which have now arFived a t  Aerospace, can be put together, T h i s  

eqe r imen t  can therefore be sa id  t o  be ready t o  begin. 

The a l k a l i  halide color-center c r y s t a l  ex,periment is lag2ing some- 

what behind the nercury c e l l  schem because of two reasons: 

?reparations Fjere s t a r t e d  about a mek z f t e r  the mercury c e l l  preparations, and 

2. t h e  necessi ty  of c rea t inc  our own F-center c rys t a l s  here a t  Aerospace, 

1. experimental 



Westinghouse 8- 
Arfalysis of the  F-center modulation t ransfer  scheme is now prac t ica l ly  complete 

and the e s s e n t i a l  par t s  of i t  are included below, 

Color Centers and Optical  Modulation 

I n  order t o  understand haw passive op t i ca l  mudulation t r ans fe r  can 

be rea l ized  with color c e n t e r  c r y s t a l s  some introductory explanations w i l l  be 

helpful.  

par tures  from regular c r y s t a l  s t ructures .  

present i n t e r e s t  r e s u l t  from the absence of a negative ion i n  the c r y s t a l  l a t t i c e  

such as the absence of of the chlorine ion  i n  an otherwise regular face centered 

cubic crystal of N a C l .  

charge a t  the posi t ion normally occupied by the neeative ion. 

Color centers are ac tua l ly  a r e s u l t  of c rys t a l  impurit ies,  i.e, de- 

I n  par t icu lar ,  the color centers  of 

This absence manifests itself as an apparent posi t ive 

T h i s  posi t ive "charget1 may a c t  as a nucleus about which an e lec t ron  

can o r b i t  i n  a manner analoFous t o  the  hydrogen atom. Much theore t ica l  work 

has appeared which is based on t h i s  simple pic ture  and the r e su l t s  are i n  good 

anreement with experiment , 

The color center, which gives rise t o  spec t r a l  absorption i n  selected 

bands giving the color  Center its name, arises from t r ans i t i ons  i n  t h i s  elec- 

tron-hole combination. However, spec t ra l  absorption involves less energy, and 

conseouently lower frequencies than the hydrogen atom because t h e  binding ener- 

gies  of the  exciton are less than i n  the hydrogen atom. 

When l i g h t  of the proper wavelength is  incident  on a color center 

c r y s t a l  the e lec t ron  i n  t h e  exci ton w i l l  therefore absorb some of t h i s  rad ia t ion  

and be t ransferred t o  a higher orbit .  I n  t h i s  exc i ted  state, the electron can 

e i t h e r  re turn t o  i t s  ground s t a t e  or absorb enough thermal energy t o  break en- 

t i r e l y  f r e e  from the posi t ive hole. I n  the  lat ter case, t he  e lec t ron  has moved 
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Westinghouse 8- - 

i n t o  the c r y s t a l  continuum, tha t  is, i n t o  the conduction band of the crystal .  

The proportionate number of ionizations of course depen8s on the temperature and 

can be exprezsed by the formula N = - where N is the number of completely 

ionized electrons,  A is  the probabi l i ty  per unit  time t h a t  an exci ted electron 

A+B 

w i l l  f a l l  back t o  the ground state, and B i s  the probabi l i ty  per unit t i m e  t h a t  

the e lec t ron  w i l l  be ionized from the exci ted skite, 7 -1 A is of the order 5x10 sec -- 
0 -1 8-3 = 8.80 and experiments y i e ld  a value of B of t h e  order 8 .3~10  sec 

.She 

therefore N= 

This calcblation, car r ied  out fo r  NaC1, is  generally t rue  f o r  the class  of 

c rys t a l s  known a s  the a l k a l i  h a l i d e s  and indicates ,  t ha t ,  a t  room temperature 

an exc i ted  electron i s  much more l i ke ly  t o  become ionized than t o  yeturn t o  i t s  

gFomd state. 

30's on the  r e l a t ion  between photoionization and temperature su3stant ia te  t h i s  

An ex+,ersive series of experiments by Pohl i n  Germany i n  the late 

conclusion, 

If a p l o t  i s  made of quantum ef f ic iency  i n  terms of photo current vs, 

number of incident  photons, the  surpr is ing r e s u l t  is  obtained t h a t  the quantum 

e f f i c i ency  can be equal t o  two., A sa t i s fac tory  explanation f o r  t h i s  r e s u l t  i s  

tha t ,  once i n  the conduction band of the c rys t a l ,  the  most l i k e l y  trapping center 

f o r  an electron i s  not the posi t ive hole (negative ion  vacancy) from which the 

e l ec t ron  was ionized, but  another color center,  

time of a conduction e lec t ron  i n  t h e  presence of 10 

room temperature indicates  it t o  be around 10-lOsec, As a r e s u l t  of t h i s  cap- 

A rough calculat ion of the life- 
18 color centers per c e c D  a t  

t i ve ,  the negative ion vat-ancy is now orbi ted by two electrons each of which is 

bound less t i g h t l y  t o  the  llnucleustt. Evidently, the sequence of photon absorp- 

t ion ,  ionizat ion and subsequent captive r e su l t s  i n  the deetruction of two color 

centers ,  hence a maximum quantum ef f ic iency  of two, 
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Because of the smaller binding energies of these F-centers a new 

o p t i c a l  absorption band appears which is a t  longer wEvelengths ( red and infrared)  

than the origonal absorption 

band has become bleached t o  some extent. 

s t a b l e  even a t  room temperatures. 

age lifetime of these F-centers when kept i n  a dark room a t  room temperature 

seve ra l  hours, 

ands. A t  t h e  same time, the  o r ig ina l  absorption 

Tkese new color centers  are r e l a t i v e l y  

T h i s  is  indicated by t h e  f a c t  t h a t  the aver- 

is  

It should be added t h a t  t h i s  lifetime is  not indicated by the 

op t i ca l  binding energy but because of a pecul ia r i ty  of i d c  c rys t a l s  the binding 

energy is determined by thermal processes, which i n  t h i s  case lead t o  a value 

f o r  the  binding energy of about h a l f  t h a t  of the  binding energy a s  determined 

by quantum ak sbrption . 
T h i s  new color bond can be bleached j u s t  as t h e  origonal color band 

is  bleached when the new band i s  formed. 

ing the  F absorption band r e su l t s  i n  recreat ing t h e  origonal color band, 

I n  a ,permanently colored crystal ,  bleach- 

This  

process evidently can be continued indefini te ly ,  a f a c t  which supgests a possible 

modulation t r ans fe r  scheme e 

Production of Colored Crvstals 

It has been found t h a t  color centers incrys ta l s  can be produced i n  

two ways; 1. By bombarding the c rys t a l  with high energy radiat ion suck, as X-rays, 

beta  rays, g a m  rays, etc,, 2. B y  dif9is ing an a l k a l i  n e t a l  onto an a l k a l i  

halide c rys ta l .  The f i r s t  operation produces the necessary neFEtive ion  vacancy 

by physically displacing the negative ion,  This r e su l t s  i n  no decrease i n  c rys t a l  

density s ince negative ions do not leave the c rys ta l ,  and a l s o  a gradual bleach- 

ing  of t h e  c r y s t a l  as the ions slowly return t o  t h e i r  p roLpr  sites, This opera- 

t i o n  therefore  does not prcduce a permanently colored c rys ta l .  

t i o n  produces color centers when a negative ion leaves i t s  loca t ion  and jumps t o  

The second opera- 
1 
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Westinghouse 8- 
tfie c r y s t a l  surface t o  form, with the sdsorbed posi t ive ion, a new c r y s t a l  

straturn, leaving a posi t ive hole and a free electron.  I n  t h i s  case there i s  a 

permanent excess of posi t ive b n s  and consequently a pem*anently colored c rys ta l .  

T b i s  c rys t a l  has less densi ty  than a normal c rys ta l .  Based on these considera- 

t i ons ,  it has been decided t o  create colored c rys ta l s  by a d i f fus ion  method ra ther  

than by radio-active irradiation., 

Character is t ics of Colored Crystals 

The range of absorption bands depends on t h e  pa r t i cu la r  c rys t a l ,  

Lithium C1-loride absorbs i n  the near ul t ra-violet ;  Sodium chloride absorbs near 

the yellow, potaszium chloride near the red,  and s o  on, T b e r e  are many d i f f e ren t  

c rys t a l s  from which t o  choose a s  well 8s ran;. cmbinations of c rys t a l s  with them- 

selves or w i t h  other materials,  

able e 

Evidently a broad c lass  of p o z s i b i l i t i e s  is  ava i l -  

The s p e c t r a l  width of these F centers follows a temperature dependence 

very near ly  defined by the eauation h b = d m ,  where A3 i s  t h e  spec t r a l  width 

of t h e  band, h i s  Planck’s constant, I( is Boltzmannvs constant, T is t h e  absolute 

temperature, and 4 is  the cent ra l  frequency of t h e  band, 

cause of thermal l a t t i c e  vibrations,  Fig. I which i s  ta’:en from flott  and Gurney, 

%Electronic processes i n  Ionic  Crystals” shows t h e  temperature dependence of the 

T h i s  width a r i s e s  be- 

absorption band of potassium bromide. 

A s  explained above, there i s  another temperature dependence which has 

an important bearing on t h e  MIROS scheme, 

F t o  Fs centers which can only occur i f  the exci ted F e lec t ron  acquires suffi- 

c i e n t  thermal energy t o  move i n t o  the c r y s t a l  conduction band, 

modulation scheme which makes use of F t o  F’ t r ans i t i ons ,  account w i l l  have t o  

Tbis involves the t r a n s i s t i o n  from 

Therefore i n  any 

be taken of t h i s  temperature dependence, A graphical ind ica t ion  of the tempature 
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Figure 1 

Teyera tu re  Dependance of the F A5,sorbtion Band 

Absorbed QOU& 

Figure 2 

Temperatvre Dependence of 
F Center Destruction Eff ic iency 
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dependence i n  these colored crystals  is  given i n  Fig 2 taken from the work of 

Pohl, 

i r r a d i a t e d  with F Light. 

temperatures i s  t h a t  the thermal energy acauired by the e lec t ron  is  too small 

t o  allow it t o  escape i n t o  the conduction band of the crystal ,  a necessary pre- 

q u i s i t e  t o  producing an F' center, The temperature dependence of t h e  s t a b i l i t y  

of F' centers was a l s o  discussed above and has been infer red  i n  a s e r i e s  of 

experiments by Pohl i n  which he measured the photo-ionization current a s  a 

H e  sLowed that  a t  low temperatures ---2008 no photo- 

T5is curve is  a d o t  of manturn y i e ld  of F' centers vs. temperature when 

The explanation f o r  the low quantum y ie ld  a t  low 

funct ion  of frequency. 

cur ren t  WBS measured upon i r rad ia t ion  w i t h  l i g h t  i n  t h e  F spectrum, due of course 

t o  in su f f i c i en t  thermal energy. 

immediately upon i r r ad ia t ion  which ceased abruptly when t h e  i r r ad ia t ion  ceased., 

When he then i r r a d i a t e d  t h e  c r y s t a l  with l i g h t  i n  t h e  F* spectrum, a photo 

current  ensued which decayed i n  t i m e ,  T h i s  was due t o  the absorption of photons 

i n  the F' band, which immediately upon absorption was followed by a t r ans i t i on  

of the F' electron i n t o  the conduction band. Obviously, i f  the temperature i s  

high enough t o  ionize exci ted F electrons it w i l l  su re ly  be b i fh  enough t o  ionize 

exc i ted  F' e lec t rons ,  

addi t iona l  current followed i r r ad ia t ion  i n  t h e  Fq spectrum indicat ing t h a t  a t  

this elevated temperature the Fq centers a r e  not s t a b l e ,  

A t  FOGE temperature h e  obtained photo current 

When the tenperature was increased t o  about 23S0C, no 

These +enomena a re  cha rac t e r i s t i c  of a l l  t h e  a l k a l i  hal ides ,  The 

numbers c i t ed  i n  t h i s  repor t  have been taken a t  random from some par t icu lar  

a l k a l i  halides and w i l l  vary t h r o u g h  the se r i e s  of c rys ta l s  even though the gen- 

e r a l  dependences will hold f o r  a l l  of them. 

repor t s  , 

Nore da ta  w i l l  ' e  eiven i n  later 
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Modulation Transfer With Color Center Crystals 

I n  view of the phenomena discussed above, a p o s s i b i l i t y  of using color 

centers  i n  a modulation t ransfer  sc':eme h a s  presented i tself  i n  the form of F 

t o  F1 center  t r ans i t i ons .  I n  order t o  inveLctigate this scheme quant i ta t ive ly  

i t  i s  necessary t o  consider the p o s s i b i l i t i e s  t h a t  might occur i n  F 

t ions,  namely; 

t o  t h e  production of an e lec t ron  i n  the conduction band, and 2. 

is  i n  the conduction band it can be captured by a negative ion  vacancy (forming 

an F center )  or  by an r" center (forr-iny an F' cen ter ) .  Tbere are therefore  fou r  

populations t o  consider: ne-ative ion vacancies, F centers, E '  #-enters, and the 

population of conduction band electrons. 

s e t t i n g  up the  rate enuations for these four  levels :  

Fl t rans i -  

1. A photon absorbed i n  e i ther  the F o r  F' band reeion can lead 

Once an  e lec t ron  

One a t tack  on t'ne problem begins  by 

IFIBFl%l 
= - V F n , -  - PpcnF + P n n  + F O C O  

n 

n 0 = + IF%% - poncno 

where 

n is  the dens i ty  of F centers F 

5, is  t h e  dens i ty  of F' centers 

n i s  t h e  density of negative ion  vacancies 

n i s  the dens i ty  of conduction e l ec t rons  

I+ i s  the r ad ia t ion  density i n  t h e  F reF,ion 

BF is t h e  Eins te in  coeff ic ient  f o r  F absorption 

IF' is  the r ad ia t ion  dens i ty  i n  t h e  F' region 

0 

C 
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BFl i s  the Eins te in  B coeff ic ient  f o r  F1 absorption 

Po is  the probabi l i ty  Fer conduction e lec t ron  per u n i t  time f o r  a 
neFative ion vacancy t o  capture a conduction electron,  and 

PF is  t h e  probabi l i ty  per conduction e lec t ron  per unit  time f o r  a 
capture by an F center t o  form an F' center. 

These equations are  only approximate s ince they do not account f o r  

other trapping p o s s i b i l i t i e s  which are known t o  occur. Uowever these other 

occurences are s o  rare  t h a t  the approximation i s  good. Also, the  assumption is  

impl i c i t  t ha t  an F o r  F1 center is  s t ab le  unti l  a photon is  absorbed, a t  which 

i n s t a n t  the e lec t ron  moves i n t o  the conduction band. T h i s  is  tantamount t o  the 

assumption t h a t  t h e  c r y s t a l  is operated a t  a temperature high enough t o  ionize 

exc i ted  F electrons,  but not  high enough t o  ionize unexcited F1 electrons.  

This covers a broad temperature range. 

From a solut ion of these r a t e  eqwtions,  the time dependence of the 

two pomlat ions,  F & F1 can be determined, and consequently the  corresponding 

absorption coef i ic ien ts .  Tqerefore a so lu t ion  is  obtained which yields  the time 

dependence of t h e  modulation, The solut ions are  tedious althouph not d i f f i c u l t  e 

The terms i n  the r a t e  equations express mathematically t h e  i n t e re s t ing  

i f  confusing processes t h a t  occur i n  F F' conversion. The number of F centers 

can change i n  four  ways; 1. By ionizing an F center  (this crcates  a nepative 

ion  vacancy) 2, By capturing a conduction electron,  ( t h i s  crkates  an FB center) 

3. 

a neFative vacancy) 4. B,- ionizing an F' center ( t h i s  destroys an F1 center)  ., 

By the capture of a conduction e lec t ron  by a negative vacancy ( t h i s  destroys 

Obviously t h e  process is somewhat more complicated than t r ans i t i ons  between 

atomic enerpy l eve l s  s ince destruction of a negative ion vacnacy o r  an FI center 

irnglies creation of an F center, w h i l e  destruct ion of an F center in131ies e i t h e r  

similtaneous creation of an F' center or  of 8 negative ion  vacancy. Lven i n  
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an extreme case i n  which  no conduction electrons are  czptured e i the r  by F centers 

l 

or z--et ive ion vacancies, absorption of a photon i n  the F1 region leads auto- 

mat ical ly  t o  the creat ion of an F center. T5is f a c t  i s  expressed by the rate 

equations when the capture probabLlities, P and P a re  s e t  equal t o  zero, i n  

which case they take the form 

F 0 

"F - + 

5 1  = - IFiBFi%i 

IFBF"F n =  

n = I$+ + %t€$fnFt from which a solut ion f o r  n and nF 

0 

C F' 

is r ead i ly  obtained: 

After su f f i c i en t  time has e lamed,  a l l  the e lectrons will zppear i n  

the conduction band. Tbe nunher of e lectrons i n  the conduction band w i l l  then 

eclual the LCUK of the o r i ~ o n a l  number of F centers p lus  twice the  orfgonal nurnlxr 

of F' centere since ezctr. FI center containE twc e l e c t r m s ,  The nuxber Gf m:i;cz- 

t i m  ion vacancies will then ewal thc orfgonal nyiwber of F centers  plu:: the 

origonal nuriber of F1 centers,  A t  t h i s  time, if l i g h t  i n  the F region i s  t w e d  

off while l i g h t  il: the Ff is  l e f t  on there  will be a large increase i n  tk  nun- 

ber of F center: wh i l e  the formation of Ff centers i s  inkibi ted by Ff  radLation 

A l t F  o u ~ k  this p o h l a t i o n  d is t r ibu t ion  is unl ikely t h e  zbove discussion i l l imina te s  

the problem as  wel l  as emphasizing t h e  processes which occur i n  an a l k a l i  hdides  

u y m  i r r ad ia t ion .  

One pocsible nodulation scheme i s  achieved by using radiat ion i n  the 

-10- 
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3" repion as the receiver which would presumably be continuously inc ident  on the 

c r y s t a l  while the t ransmit ter  radiation, f a l l i n g  i n  t h e  F spec t r a l  region, i s  

pulsed. These p1:lses should, according t o  the above considerations, c rea te  a 

momentary increased population of F' centers which is  mnifeEted i n  the receiver 

beam by an increased absorption. An eEtimate of the modulation induced by t h e  

transmitter can be obtained by assuming t h a t  momentarily a l l  the absorbed photons 

lead t o  the creation of F'centers. Let the modulation be defined by the ex- 

ANFI - is the change i n  the density of F1 centers. 

This e quation can be solved f o r  ANF, i n  terms of M; 

- 1  
*%I -- R n  [ e 

l5-1 
2 Consider now, a photon density of E photons/cm -sec incident  on the 

face  of the c rys ta l .  I n  a shor t  pulse of duration, 7 ,  

photons will be absorbed per u n i t  volume by the crysta1,where 
J 

% is  the absorption cross sec t ion  per atom f o r  the F band 

I$ is  the density of F centers 

7 is  the  F t o  F1 conversion e f f ic iency  w h i c h  will i n  Fenera1 
depend on time, on the incident  power of both beams, on 
temperature and on crystal impurit ies . 

W-ex: the two wan t i e s  are  equated and an expression f o r  power i s  

obtained i n  terms of E, i.e. Eh3-p , t h e  resu l t ing  expression gives a workable 
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2 estimate of the power i n  watts/cm recuired t o  produce a given modulation: 

T h i s  expresFion should prove cu i te  useful i n  estimating such vague pa rme te r s  as 

conversion eff ic iency i n  terms of the other values s ince each of i ts  quant i t ies  

i s  readi ly  measured. 

A s  a simple exercise consider the power required t o  produce a modula- 

t i o n ,  My when the i n i t i a l  density of F' centers i r c  zero, t h e  quantum e f f i c i ency  

is un i ty  and A? is  one centimeter. kF is  known t o  3e of the order of 2.6 x 10 

cm . 
than the  F band. 

are equal, kFl should be 2 1/2 tirnes smaller than %. 
i n t o  the equation, and using A, = /$ = 600& 

-16 

2 kFl can be estimated by noting t h a t  the F' band is  about 2 112 times wi&r 

If i t  can be assumed t h a t  t h e  integrated absorption coef f ic ien ts  

Putting these quant i t ies  
C 

Some remarks should be made zbout the peneral  ex?reesion f o r  p, i n  

pa r t i cu la r  about the quant i t ies  NFl and? . 
there  was the impl ic i t  asmmption tha t  during the period t h a t  the pulse i s  on 

I n  the deriva'.lon of t h i s  expression 

there  i s  no change i n  the dens i ty  of F centers or t h e  quantum ef f ic iency  while 

t h e  densi ty  of F' centers increases. I n  other words, t h e  F' l iEht  sees an in-  

creased absorption while the F l i c h t  de tec ts  no cbanc.;e. T'-is of course i s  un- 

r e a l i s t i c .  For purposes of experimental resu l t s ,  tbis defect could be compen- 

sa ted  by ascribing an exponential t ine dependence t o  the quantum eff ic iency,  i.e. 

7 = po e-"' , wk!ere To depends on t h e  incident l i g h t  i n  both F gi F' bands, 

temperature, imourit ies e t c . ,  but not  on time, 1jhj.k d character izes  the t i m 6  
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decay of the process. Therefore it seems t h a t  this expression skrould be qui te  

helpful ,  generally, i n  discussing passive o2t ica l  modulation t r ans fe r  i n  these 

c r y s t a l s .  

Conclusion 

The above discussion represents a F a r t i z l  sum of research and theore- 

t i c a l  work preliminary t o  s e t t i n g  up the  a l k z l i  bal ide experiment. It is  not, 

yet complete i n  e i t h e r  sense; new papers are  appearing every day on the subject,  

t o  say nothing of the volume of l i t e r a t u r e  l e f t  t o  peruse w'iile the tLeoretica1 

work w i l l  become more refined, i n  par t icu lar  w i t h  respect  t o  o t t e r  procer":es 

than F - F' t rans i t ions  which occur i n  a l k a l i  h a l i d e s .  Tbese processes were 

neglected riii~ly f o r  pcrposes of z1arlt;- Sx t  Exhsecpent Mark will t rke  account  

of them. 

the present NIROS work w i t h  the a l k a l i  hal ides .  

It i s  hoper' t h a t  t h i s  report  w i l l  cive a Eat isfactory i n d i c a t i m  of 

Plans f o r  k x t  Period 

During the next period it is expected t h a t  t k e  mercury absorption 

c e l l  experiment w i l l  be under 17ay and t h a t  a r epor t  can be made of i t s  f i rs t  

r e e i J t s .  

centrated e f f o r t s  are under way t o  complete the leboratory s e t  up. As u s u d  

The cx?erimental work w i t h  a l k a l i  '-slides i s  a l s o  s t a r t i n g  and con- 

research and analysis  w i l l  continue and fu ture  reports  w i l l  contzin the analyses 

s i n i l a r  t o  the present one. 
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